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GUIDE VANES FOK DEFLECIING FLUID CURRENTS
~ WITH SMALL LOSS OF EWERGY*

By G. Krdver
- I. INTRODUCTION

tumerouws articles have already teen written regard-
ing currents in bent pipes and elvows and on the present
problem, namely improving the flow in a sharp bend by in-
'gtalling guiding devices. Nevertaeless the designing of
wind tunnels for aerodynamic experiments caliecd for new .
ard more comprehensive tests, There was also need of im-
-proving the flow in the bends of gas and liquid conéduits,
a8, €.&£., in the smoke flunes and verntilating ‘shafts of
large factories. ‘ - ‘

Several devices have been tested in wind tunnels
+(reference 1), and the results of a series of model tests
‘in bends (reference 2) and elbows (refereunce 3) with
‘built-in partitions and guide vanes Lhave already been
published. Ihere is, however, some hesitation about a-
dopting these forms for newly projected wind tunnels, in
waich the maximum econoimy in the driving force 1s neces-
sary, due to the much greater periormances required. Since
the previous forms were determined emgirically for the
most part, there was no way of telling whether they cculd
be used in other dimensions without mecdificatiorn. 1In par-
ticular the influence of -the cross-sectioral shape of tae
tuanrel was not fully determined. '

Zyery deflection of a liquid or gas current involves
losses and a disturbance of the state otf wotion. Vaen
there is a regular velocity proflle more or less developed
‘before the deflection according to the length of the ap-
proach (reference <), an entirely differect picture is ob-
served after the deflection (referencs 5). & unew velocity
distrirution is produced by the contrifugal forces. There

*hSghanfelgitter zur Unmlenkmng von Fllssigkxeitsstrimungen
mit geringem Eunergieverlnst." Ingenieur-srchiv, vol. III,
1932, pp. 516-541. | - |
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2 N.A.C.A. Technical Memorandum No. 722

are also disturbances due to frictior (secondary flows and
separation from the ovter and inner walls). The energy
losses and the disturbance of the velocity distribution in
flowving througl a bend or elbow increase with the sharpress
of the bend. The energy losses may awmouat to about 100 per-
cent of the momentum of the flowing medium, as based on the
mean velocity ia ‘the inlet cross section* (refercncs &).

The main reason for the greot losses in the staandard
bends with small radius of curvature is tke marked separa-
tioa from the inner side of tae bend. To this are added
the losses due %o the lost kinetic energy of thé vortices
of the secondary flow and to the iacreased Triction in the
adjoining cnannel resvlting from unevea velocity distri-
bution and from the consum;tion of eunergy ia the restora-
tion of the undisturled d¢istridbution.

It is thercfore of prime imrortance to adopt mecasvres
for preventing senaration and seconcéary flows., The most
effective remedy is the division of tue curved portion of
a broad chkanunel with unfavorable ratio of the radius of
curvature R %o tae width b into a series oif narrower
channels witah more favoratle R/b ratio.

The transverse momentum of the deflected zir siream
to be absorbed is divided between all the intermediate and
outside walls, so that tlie pressure increzse on eacih wall
is much smaller and the danger of separatio.. is diminisned,
Tae formation of secoadary vortices is slsn greatly dimin-
ished,**

There are two rriancipal ways of dividia, the channel:

1. Division of a bend with unfavorable R/t ratio by
installing partitions throughout the eatire bhend, zs shown
in figure 1, the widths of the individual cusnnels heing so
adjusted that each will have the same R/b ratio.

*The writer obtained about 150 percent in an eldow of square
cross section and very short auproaci.
**Agide from the possibility of 1mprovemcat by the installa-
tion of partitions, there are also other ways for attainiag
the same goal., I have in miad particularly the rewmoval of
tae boundary layer by suction, altion:h tlis method nias yet
yielded no positive resuvlts., Siuce this wiethod, moreover,
necessitates ;reat exjenditures for structural parts, wind
tuanels, and sometimes even pumps, etc., it is seldom em-
"ployed.




T.Ad.C.A. Technical lenoraudum Yo. 722 : 3

2. The installation of wing-lilie gulde vaneg waich
produce ke raquisite transverse torce for deflectin. the
air stream. Taese vanes may be either plain (fig. Ba) or
streamlined (fié. 2v). :

, The first way (fig. l) vas cace quite thorougily in-
vestigatsd by the writer. In order to obtainm a good va-
-locity d*suriowtion in the cross section immediatelyr after
tie bend, it was necessary to ikstall a large number of
.partitions. Tais haturally entailed mvch surface frictioun,
.waich was manifested in a hiih resistance and great 1cduc-
tioa of theo. velocity vehind the partitioms. In the nost

- favorablu casc the cuergr loss was 27 to 24 pexrcent of the
‘original momeatun, vhile losses of only avﬁut 15 percent
wi‘h Wi“&’l ike guide vanes had vbeea obtaimed in rrevious
rears. : :

: Ia experiment with partitions im the bend, it was
found bYest to wideu all the compoasnt chaarsls in the miad-
dle of the bend in such a way as graduvally to diminish the
curvature of the walls Jrom the leadin: =d;e to the trail-
in; edge.* o

When it is desired to deflect 2 current so that its
nature {i.e., its velocity and Fressure distributions
throvghout the cross sect ion) will ce disturbed as little
as possible, the delflection is bess yroducek vy only .one
set of vanes forming a sort of "grid" without involving
the walls, siauce otaervise, due to their fuadamentally dif-
ferent shape with respect to the air stream (tlhe ounter wall
beiny coacave ard the ianer wall couvex), unsymmetrical re-
‘lations always ‘exist. The prodlem ic therefore to develop
a form of grid, wihich will deflect a curreat throurh a

. large aagle with good efficieucy vithoui affectis -8 its ve-
locityre.

It scems logical, ia calculatiang the guide vanes, to
assume & pure poteutial flows, Closer investigation, how-
ever, shows that this alone doers not suffice., Rather it is
necessary to allovx for the efiect of the energy loss on tlhe
pressvre districution over tiie guide-vane profiles.  This
is done in what follows. Tae effect of the viscosity on
the loss of energy is also .coasidered, and, lastly, the re-
sults of ou investigatiox of the vortex regior behind the

*Tne suvsequently reported Fippert empgriments ‘shoved that -
it was advisgble to reduce the radivs ¢f the outside wall
of a right-anzle bend so that the cuanael would ve somewhat
wider in the center of the bead. '
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guide vanes are given.

There is a fondamental cifference betwecen the present
investigation and the »nreviously reported investigations.
by Caristiani (reference 5), Schilhansl (reference 7) and
others (refererce 8)., The object of these investizations
was to detsrmine the physical flow characteristics of giv-
én profile forms, while here a method is siaown for deter-
aining a profile form with definite choracteristics (def-
inite circvlation).

II. DETERLINATION OF FAVORABLE FROFILE FORWS
| I¥ CURVILIYEZAR CURRENTS*

1. The Method

The method proposec here for the developmeat of the
~guide vanes is based on the follewing, line of rcasoning,
The flow througzh the deflectiing _,rid may b¢ regarded in
first approximation as a potential flow. According to the
metnod of Dr. JSetz (ruferences 9 and 1C) we will first im-
agiae the :j;uide vanes rerlaced by a series ¢f concentrated
vortices. The streugth of each vortex must equal the cir-
culation about the vane rerlaced by it and is easily cal-
cnlated from the rcquired deflection of the flow for a pre-
determined distance Letween the vanes.

In the field ¢f poteatial flow determined by the vor-
tex strength and the iaflow velocity, a profile, whose
characteristics in parallel mnianar flow are Xnowa and which
has the requisite circulation, is conformally transformed,
so- that the center of gravity of its circulation. falls in
the line connecting the individual vortices replacing the
other vanes. In the transformation we must allow for the
effect of friction, as already indicated. Iz the transior-
nation of tiae profile, the curvature is changed aud coanse-
queatly the pressure distribution, as likewise the pressure
increase wahica 11 turn produces significant chen;es in the
behavior of the bouvndary layers. In tizis work it was found
that the displacemeat of tihc ceanter of gravity of. the cir-
culation may consideradbly affect tihe results, ‘

*In the preparation o this section, I aave bDeen greatly
assisted by Dr. Betz.

@©UPDATA 1975
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From the outset we must expect that the deflecting
system, tius determined, will always require certain cor-
rections, since the field of flow; which forms the basis
for the transformation, can dve oaly arrroxivately correct.
~ second approximation can be made, not by calculating
the field of flow with tae aid or co=centrated vortices,
out by suitably distridbuting the circulation over tne pro-
file found according to the first approximatioan and then
calculating anew the field of flow and repeating the trans-
formation. (This "Cetachument" of the vortex is possibdle
only when the first arproximation of the nrofile form is
known, since there is otherwise no basia for the location
of the elamentary circulat*ou) :

2.‘Developmeu£ of the;Frofile*of-First asprroxinetion

a) Calculatinz the field of flow.- Ve will first con-
sider a flow deflection of 90 degrees. The poteantial fuanc-
tion of the vortex series, which is conceived as rsplecing
the vane caa be calculated, siace the plane of the zrid

~ (whick will be called the =z plane) can be represeanted dy.
a simple periodic fuaction.ou a plane wits only a siazle
vortex (¢ rlane) {reference %), ' o

‘A graphic method based on ttis relatiocuashiv, as rro-
posed by Betg (reference 10), was used for plottiag the
flow dia.ram. The flow throagh ths grid can be represeated
by the superposition (1) of a paresllel Flow pezpe1d1c“lar
to the direction of the grid and (2) of a flow wkick is
produced ty all the vortices replaciug the vanes and which
is esseatially parallel to the &rid eand therefore causes
‘the deflection of the current (fiz. 3).

In figures ¥ and 4 we have: s, divisioa of gzrid
(= distance vetweea vortices); v, velocity comprounent sovr-
" mal to direction of grid; wu, velocity compouent parsllel
"to grid; w, resultant velociiy vefore and wehind grid,. .

At a great diStance from the grid (fig. 3):
1. *ne velocity compouentis v, T Vg resulting from
the parallel flow. (At a great cistance, the vortex series

produces 20 motion norual to the “rlo dxvaction\

_ 2. The velocity components .“1. and “2* resulting
from the vortex .series  u; = -u,. ' : :
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Jear the grid we must distinguish (fig. 4) between
V=v++v' and U=1u', where v' and u' are the
flow velocities induced by the vortex series. (In un-
symmetrical flow involving a change of w another par-
allel component wu had to be added.)

In figure 3, if a field of the width s 1is laid out
the line integral along the boundary lines is just equal
to the circulation of a vortex., The length 1} 1is so
great that, in the field of the boundary lines parallel

to the. grid, the fluctuations of U and ¥V have died out,

The circulation then becomes

+1/2 -l/z
F=su + [ Valesu, + J Val
-1/2 +1/2
or
D= os(u, = uy)
since

+1/2 -1/2
S val=~« /) vl
—1/2 +1/3

The total deflsction, corresponding to the problem, is
9C depgrees, and w therefore incloses, with . u, an angle
of 45 degrecs., Hence we can 2lgo write

'=sw.J/2
1

Now tiac v:locity components uw" and v . resulting from
the vortex series can be calculated in a simple way with
the aid of the Betz graphs at sufficient points of the

field. The flow diazram can be plotted after the addition
of the velocity components Ve

In order to decide now the profile'must be introduced
into the flow, one must know how the field of flow appears

when the vortex is absent at the point where the vane is to
stand., One desires to remove the vane from the simple par-
allel flow, i.e., by conformal transformation and appropri-

ately utilizes for this purpose the streamline diagram as
it appears when the vane is not prescnt (straight stream-
lines and straizht poteantial lines perpendicular to them).

The other vortices are necessary, since the curved field is

only created by them as a whole (being always infinitely
many, notwitistanding the missing.one). The Betz graphs

®UPDATA 1975
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are also used for the case wien a vortex is missiang., Fig-
ure % is the flow diagram of th: series wiih oune vortex

missing.

b) Determining the diuensions of ths basic profile
(single vene is rectilirear flow) and t;_~§fer to the
curved field.- & swnble vane ia & rectilinecar flow is sub-

jected to a "lift" of

= - - 2.
4 = p Wo Pe = ca'% Tl

in which we have!
We » velocity of parallel flow in iafipity (m/se )
t, ckord of vane .(a);

Cg, Lift coefficient; :
p, donsity of flowing mediwm (:g sec®/m+)

‘Lhe‘CirCulation about eaci vane is therefore
Pe -‘-'"_’é‘ Ca Te t V . (1)
.0a the other nand, the circulation atout *he gnide vane is
| Ty = s e T - - (@)
.when v, is the resultart velocity for tefore and beiind the

grid. “Since, in conformal trau formation, the circulation
is maiatained, we aave

. Pe = Pg
or

é Cg Vg t =5 wgJ'Z (3)

according to equations (1) and(2)e The scale'for the coordil-
nates of the =z aand { planes are so chosex that w, =
Ve = V. ‘We thus obtain the same coordinate systews in hoth

planes at a great distance from the profile., Arplying this
to equation (3), we obtain :

g = _s/_~ . (4)
Ca _

4 @UPDATA 1975
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According to figure &, in which

- a/E

n

(b = width of square channel, for which the grid series is
calculated, measured normal to w; n = number of vanes,
the inner and outer wall counting together as one vane),
we nnve o .

N - 40 ) (5)
n Cq -

In order to obtain vanes with chords corresponding
somewiat to tested forms, we admit ¢4 = 1.35. Then we .
de noet need to foar that the lift-drag ratio will be un-
favoratle, The correctness of this assumption is con-
firmed by tests, especially by photographs of the flow*,

We will choose a profile form corresdonding to the
specivications in Hutte, vol. 1, 26th edition, p. 401, fig-
ure 57. This profile form was determined by Birndbaun (ref-
ercuace 11) on the basis of a 1lift distribution which can
be conveniently represented by a formvla. If ' 1s the
cirenlation aboui the profile and %X = al'/dx 4is the cir-
culation per unit length, the distribution of the circula-
vion cver the vane cuord t is

A T Rp— covens [1 Sin a g- _____:_-_‘_E":t:
Tt osia (a+ B - ) m 1+ 2 x/¢t
4 7 2 k¥ A 2 x\a]
*osin § ”Jl "\t = osiny T—';a./l B (—E_/ ]
irx which
B=1/a (v + ), v =1/4 (¥ +3)

(fige 7). The theoretical 1lift is then

cg = 2 1 sin (o + B - 3v)

*0a this high ¢, vaiue is Easedu however, the marked dis-
rlacencpt of the vortex c.g. which mnterially affects the
result, as alrexdy .:entioned,

1 ©UPDATA 1975 ;
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and the moment ooefficignt is

cp = g gin (@x +2p - 5/4v)

The theoretical, infinitely thin profiles have the advan-
tage that no velocity changes due to the altered cross
section need to be considered, One was chosen with the
notations of figure 7,

y=12° 9=6°

We taen odtain, for cg = 1.35, an angle of attack a =
8¢ 40' and.a moment coefficient ¢, = 0.428. - The center

of pressure lies at =x, = 0,317 t.
Figure 8 shows the basic profile, thus plotted, at
80 40' angle of attack with superposed sqaare-mesh system
and’ below it the mesh system of the grid flow in the re-
gion of the omitted vortex. If it is observed that the
center of pressure of the profile must coincide with the
center of the omitted vortex, the tradnsformation automati-
cally follows with the aid of the mesh system and yields
the basic profile with aa angle of attack of 849 45' to
the directlon of the ‘flow,

o ~e

3. Behavior of the Profile of First Approximation

The test results (section III) skow that a profile
was foun. which very well satisfies the specified condi-
tions of jood distribution of the velocity and static
pressure in the smerging jet and iavolves minimum losses.
Siace, however, in order to obtaia t:his result, still aa-
other change of 8.2% degrees is necessary, the agre=smént
between the theory and .test results must be considexred
entirely uasatisfactofy. Zence our next task is to dis-
cover tae cause of these discrepancies,  For this purpos
vy will compare tac measured circuzlatioa distrivution wlt\
tae theorectical.,

Tne theoretlcdl Ci‘CJlaC*Ou d*str*buticn e kacwa,
siace the equation for tae profile form was calculated by
Bi;noaum from a suitavle BB mption ior tlhe. 11yt distribu-
tion. For “tue :"d*v*uual vaide in rectilinear plasar flow
the 1lift is

{ ©urpaTa 1975
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t
£1._
dx
or
¢
A=pw [ kdx
(o}
if jéfggain introduce
d x

Figure' 20 represents the circulation distribution in non-
dimensional form as k/w. The abscissa x, which, theo-
retically, is to be taken along the projection in the in-
flow direction, is here taken approximately along the de-
volopuent of the profiles, The theoretical distribution o
the civculation along the development of the grid profile
is then easily determined from tho formula

T

¢ |
= fxax= f XKaZX
0

X, in this case, also being taken aloang the profile. We
tnen aave

Al =xdx=Xax

or

-8
la]

- i 4 K. &
K=k - anad ve

o

S : ‘ 1
Instead of an analytical transformation function, we use,
jJust as in the transformation of the profile, the square-
mesh system, taken diroectly from the distortion scale
d.x/dx for all points. :

The meaaured circulation distridbution is derived in
eimple manner from the pressure distrivution. If p"

and p!' ‘denote the pressures on the pressure and suction

P
1 ©UPDATA 1<)75#h5
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sides of an individual vaanc, then, for an element of the
individual vane calculated along the vane profile in par-
allel planar flow with w as the velocity in infinity,

dA=(pd"-ps')dx=pde‘

aand
| arl L - ! " 1 - '
— = = E-g.._—.._.gg_.. and = = ?L __—P;.L
d x P W L p w°

Correspondingly, if 4 P denotes the force acting
on an element d X of the vane profile in the grid direec-
tion, v the velocity normal to the grid direction, 6
the angle between the profile element and the direction
of v, and pg and p the respective pressureson the
pressure and suction sides, we have at the vane in the
grid

d Py = (pg - Pg) 4 X cos €=p v dTl

y

’and

‘

_F: K = P_d___:‘____?i_g, cos e and. E = P.d_l'_..'ﬂg_ cos 8
X e v w oD VW

P-'IQ-

We must remember that the velocity component v  normal

to the grid is not constant, It is derived from the field
of flow (in the region of the missing vortex) for each
poiat of the contour. '

From the comparison of the circnlation distribdution
measured at the grid vane with the theoretical (fig. 23)
it appears that the circulation is consideradbly more con~
centrated in the middle of the vrofile, while too little
1ift is generated in the forward portion of tae profile.
The after portion works approximately in the desired nman-
ner. .

These discrepancies are obviously due to the fact
that, ian the sharply curva:déd flocw on the forward portion
of the vane, thore is a sirong pressurc increase on which
is supcrposed the pressure incresse on the suction side
of the normal vane which is installed in this flow. There
is thus produced a pressure increase of suck magnitude
that the boundary layer is detacied. On the leadiag cdge

| @UPDATA 1975
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_ of the guide vane vortices are now nroduced whick modify
the prossure distribution until the preasure increase be-
comes normal.

This chaage in the ressure distridution ceuses a
rearward shift of the ceater of gravity of the vortex.
boreover, with the sharp curvature of the vane profile,
the center of gravity of the vortex layer can no longer
romain on the contour, as we could assume in the first ap-
“rOtiratzon for the basic profile,

For our theoretical calculation, it was only assumed
that the concentrated vortices substituted for the vane
1ia in the circulation c.g. of the vane, - Héace, if tkis
Cegs 18 shifted, the vane must also be shifted, so thet
the c.ge 0f the circulation distribution will be restored
to its correct location.

In figure 8 the dash line represents the profile as
snifted by the amount of the travel of the c.ge. The dis-
vlacemeant wust be effected by transferring the circulation
c.gs (designated by Z in figure 8), as found oa the vane
profile, to the basic profile with the aid of the square-
nesh systeu; letting this point Z coincide with the center
‘of the omitted vortex irn the grid fieid of flow (2' iden-
tical with 0); and repeating the diagrem with the aid of
tae wesh systen.

. - We thus obtain a profile with an angle of attack of
" 59 degrees in the inflow direction, which is quite accu-
rately congruent with the original profile of first approx-
imation. The difference in the angle of attack is only a-
bout 2% 30' as compared with the correctly measured angle.

4, The Profile of Second Appraximation

In deduciug the profile of fzrst approximation, 1t

was assumed that, for calculating the field of flow in
which the profile is installed, ths vane with its circula-
tion can be considered e&s concentrated in a poiat. Now tae
~curvature of the streamlines determines the curvature of
the nrofile. It could therefore he assumed that the con-
centration of tho vortex in a point is too inaccurate.

. Heace a second apuroxiwation was made for the vane form,
i3 which a distriﬁ“tion of the circulation corresponding

RN SRS
4 @UPDATA 1975 | &
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" to the actual relations (here approprriately the distribu-

tion found in the first approximation) was taken as the
basis. ' ‘

“The field of flow was again calculated according to
the above-men*tiined Betz method, only with the difference
that the interference velocities u and v for every
point of the field first had to be obtained from an inte-
gration of the elementary flows, each of which was derived
from the elementary circulatioa 4 I' of a vane (fig. 9).
The field of flow, as thus calculated, is represented in

“the region of the missing vortex in figure 10 as a square-
mesh system. In this system the profile of second approx-
-imation is plotted with comsideration of the location of

the vortex c.g. as determined for the profile of first ap-
proximation. In figure 10 the vortex c.g. is assumed to

te located on thée contour., It is of no importance in this
case, since the actual shifting into the interior of the

region included in the profile has already been allowed
for in the plottiang of the field of flow by the - location

of the elementary circulatioas. We thus obtain & 55-degree

angle of attack with the direction of inflow, while the
experiments showed that the most favorable angle of attack
for this profile was 55 degrees. ‘

On comparing the practically obttained ¢irculation
distributions for the profiies of first and second approx-
imation (fig. 23), we find that no appreciatly better ap-
proximation of the circulation distribution to the the-

~oretically desired was not attaiaed. 3Both profiles behaved

almost the same, Tae error due to the concentration of the

- vortices is of no practical significance even for very pro-

nounced vortices. :

- As regards low resistarce and uniform va2locity distri-
bution behind the gunide vanes the profiles of the first
and secon¢ approximations may be regarded as practically
eqaivaleat, the profile of first approximation having owly
a very slight aerodynamic superiority.

A Y

III. THE EXPERIWEXTS

1, Ianvestigation of a Deflsction Angle with Profiles of

First Approximation Deviloved Accordiag to Section
o I7 in a Sguare Tunnel, .

SRRy )
1 @VUPDATA 1975 h
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: -In judging a deflection corner with installations, wve
nust distinguish the 1nf1uence of th¢ installations from:
the iafluence of the cross-sectional shape. With a square
or rectangular cross section, we can, at least for the mid-
dle section (parallel to the plane of the bend) calculate
for an approximately two-dimensional flow; which haéd to bve
zssumed in the theoretical:treatment.- A square section of
200 by 200 millimsters was therefore chosen..

The arrangement shown in figure 1l served for the in-
stigation of the cormer in -a square tunnel. Guide vanes
and several narrow-meshed. pleces of wire gauze in the con-
duit from the fan to the test space insured uniform dis-
tribution of the' velocity over the cross section (fig. 12).
Tac portion of the tunnel before the bead was made very
short, in order to reduce the development of the boundary
layers as much as. possible.- With a length of about 1.5
tines the width of the tuanel, another test point for the
pressure p, could be added.

, -4t the test point for the pressure u,, a strong
b“aS° plate had to be set into the tunnel wall, since the
orifice in tiie original thin zinc wall did not prove suf-
ficiently reliable and the slight local deflections of the
wall affected the pressure indications ceonsiderably. . At
the corner a straight piece with a length equal to twice
“tae width of the tunnel was added before the full dlast
‘was used.

o The vanes were mounted ir a removable frame which en-
.avled their easy'exchange and adjustment without taking
the wiole apparatus apart anzd also breatly facilitated the
coatrol of the accuracy of the work.

: Tie mecan velocity w ian the experimental tunnel res
avout 28 m/s, and the Reynolds Number was about 4 X .10°.

Tae velocity w was determined from the pressures P, and
P, (: g/mz) according to the formula

w = ~/.X.(..._L.,"....g2.).
z0P

The valvwe of A was found, from measuring thc velocities
ia the cross section before the hend, to te 1,00%,

*0: the basis of the cross-sectional relations and the
Bernoulli equation, the velocity in the center of the cross
section would bte A= 1,07, ‘Due, however, to the retardation
elon; the walls, the mean velocity was somewhat smaller
(fige 12), namely 1.00, as given abdove.

.
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The velocity distribution vehind tae bend was deter-
mined in the outlet ‘cross section. There it covld be as-
sumed that thc static pressure was coastant tarougiaout
the cross section, so that the velocity measurements ray
be considered very reliable.,  The sistic pressure was also

weasured -in a plane 20 mm tehind the trailing edges of thze
6uide vanes. JYor this purpose the muasuring iastrument
had to be plaged at 45 degrees to the tunnel wall., After
- various experiments the static-pressure indicator saown
in figure 13 was fourd to te+the most suitable.

In the investibation of the cormer with nrofiles of
first approximation (fig. 14), it was immediately evident
‘that the first-calculated angle of attack of 649 45' was
too large. It was therefore gradually reduced to 56¢ 30!

~as the most favorable angle, 4&s siown in figure 13, &
variation tetween 56 and 58 degrees does not aave much ef-
fect on tae velocity distridution, but probabdbly does oa
the distribution of the static pressure behind the vanes
and on tae presSure loss.

. Figures 16 and 17 show the respective velacity distri-
butions Lehind a 90-desree clbow and behind a 90-degree
bead without guide vanes. Comparisonr witu figure 15 very
clearly shows the acvaatage of the guide vanes. :

At this point I will call attention to some fundamen-
tal principles regardiag tiie determination of the pressure
aand of the lost ensrgy. In practical aydraulics it is
-customary for the calculation of ithe easrgy losses in
fluid conduits to emplo;: the resistance coafficient ¢{ of

_ the individual members (tvve cross section, bends, etc.).
This coefficient ¢ indicatus that the passage of a cer-
tain amount of gas or liquid tarouzh auy part of tue con-
duit requires a certain rressure aifference Ap equal to
{ times the dynamic pressure q of the mean veloclty v
in the entrance cross section. aq = p 8 and W« = Q/F,
where Q@ is the quantity of fluid passing through pex unit
of time (m3/sec) and F is the entirance cross section.

Hence, ‘ _
£=;§‘l3p";7=
‘According to what precedes, this formula for tle pressure-

loss coefficient is based on the uniuimenszonal viewpoint,
i.c., as if the velociiy wore uaiformly distridbuted over
tae cross section., In a tuead the ui:fereat fluid rarticles
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generally ‘undergo very different eanergy losses, so that
- it may be ‘neceéssary to allow for these differences in the
dedermination of the energy consumption, -

The total energy content per unit volume is the to--
tal pressure p ¥ § p w2, where p 1is the static pres-
sure and % p w2 is the dynamic pressure. The-élementary
outputs are the quantities of energy per second flowing
rast the individual points. They are represented by the
formula

‘(p+Sow2) warF

in which the unit is (mkg/sec). The total energy loss,
as vased on the momentum before the corner, is

i« = [[{p+dow2)wdF] before bend - [flp+ipw2)wdF] after bend
[f‘%pwadFX] before bend

_It is seen that, with w and P assumed to be constant
throughout the cross section, the equation passes into tae
expression for (. : '

The coefficient of loss K is important, when it is
desired to allow for enmergy transformations which affect
the naturs of the flow, For the deflection angles tcsted
in this investigation, it is only necessary to use the
loss coefficient ¢, since the dcflection does not appre-
ciadvly affect the nature of the flow. .

For the most favorable angle of attack of 56° 30'
the coefficient of resistance was ¢ = 0.134, This high
value is duwe, however, to the insufficient length of ap-—
v¢oac“ for eli‘ninatinb the strong initial disturbances of
tue flow. For the calculation of the resistance of con-
duits with duilt-in elbows, this value seldom comes in
questiion,

2. Fressure-Distribution Mcasurements at tie Exit Profile
and at the Profile of First Approximation. Total Pressure
Distribution ian the Vortex Trail,.

g)Precsure-Distribution Measurements.- For jﬁdging- i
the vehavior of the profiles, it was necessar) to coupare
~the actual circrlation distridbutions witi the theoretical,
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The actual circulation distribution was determined, as al-
ready described, from the pressures messured on the sur-
face of the profile.

. . It seemed das*rable at first to verify experimeatally
the circulation distribution of the besic profile (individ-
val vane in parallel rectilinear flow), Since Lowever, it
-was to be expected from the outset that, for an individual
vaae, such:a high value of (1.35) as was adopted To6®
the design .of the guide vane. due to the separation phenon-
ena on the suction side,.could no lornger be attainsd (at
least not vith the theoretical angle of attack), tue com-
. parison vetween the theoretical circulation'dlstrioution
-and. that:: determined experimentally with the.help of pres-
sure-distrlbution measurcments was made with a taeoretical
¢, = 1.00. In order to measure the surfiace pressure at the
exit profile, a double-walled model of tlhe profile was nade.
The chord 't was 175 mm; -the span, 250 mm; and -the taick-
ness, about 3 mm (figs. 18 and 19). The niddle section was
provided with test hcles of 0.5 mm diameter, which vere con-
nected with. brass tubes.  From these brass tubes._rubber
tutes led to the tubes of a mwultiple manometer. .The read-
ings were made by photograpiing the manometsr tubes together
with the accoumpanyiig scale. Terminal disks of 310 mm diam-
eter were attached to the-ends. of the vane, in order to ob-
tain a swooth flow. Figure 18 shows the suspension of the
vane in the wind tuanel, the nearer terainal disk having
been removed in order to shox the vane. 'The angle of at-
taclt was regulated by turning the bars on tae outer sides
of the disks about their p1vots.

In figure 20 the .uprer curve represents the theoreti-
cal circulation distridution for c, = 1.35; the niddle
curve, -the thecratical distribution for ¢, = 1,00; and
the bottom curve, the tHeoretical distr*bu%lon for Cq =
1.00 and the angle of attack a = 5° 30!,

The comparison of the tkheoreticel with the measured
‘circulation distribution shows that the chaaracter of the
two curves is much the same, excepting that the ¢, value
found by planimetry is only about 65 percent of the the-
oretical. This observation that the iategration of the
pressures along the surface of the vane yiclds a cons1der-
avly -lower 1ift than the theoretical, agroees -with "thé ear-
lier observation by Betz (refereace 12). This is chiefly
due to the surface friction, An enlargemeat of the end
disks would only lessen %the induced dreg, but have no ap-
preciable effect on the magnitude of the llft in the wmiddle
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section. That here only about 65 percent of the theoret-
ical 1ift was obtained (instead of 75 to 80 percent, which
can ordinarily be assumed) is probably due.in part to the

fact that a plate-like profile, such as used here, offers

more resistance than the customary wing profile,

For the grid flow, despite this discrepancy, we must
at first calculate with the theoretical 1lift distribution.
Due to the different nature of the pressure increases, etc.

.the behavior of the boundary layers will be guite different
Our task is therefore to study these effects. Due to the
pressure drop in the viciaity of the trailing edge of the
vane,. it is probable that, where we have the maximum devi-
ations from the theoretical values for the isolated vane,
we obtain only a small error for the assembled vane, The
following comparison of the total-pressure measurements
behind. the trailing edge of the isolated vane and of the
assembled vane, will show how much less the disturbance
due to friction (separation) is in the grid.

A special model according to figure 21 was made for
measuring the pressure distribution on the guide vanes,
.8ince the dimensions of the wind-tunnel model were too
.small for tails purpose, It consisted of five vanes, which
were mounted between top and bdttom plates at intervals
of 85 mm and could be rotated, The grid model correspond-
ed exactly in scale to the model of the individual vaae.
The middle vane was made hollow and was provided, in its
middle section, with a series of 0.5 mm holes. The diam-
eter of the air jet directed against tae vanes was 300 mm,
and the distance between the top and botfom plates, re=
quired to produce & smcoth flow, was 250 mm. The direc-
tion of the deflected air flow was read oa an angle scale
with the aid of three silk threads at three: different
heights.

Figure.22 shows the pressure distribution on the sur-
face of the grid profile of first approzimation for three
angles of attack., The 90~degree deflection was effected
for a = 56° 30! in absolute agreement with the measure-
nent in the closed tunnel, i.e., the deflection was pro-
duced entirely by the guide vanes without the assistance
of the walls. The circulation distribution (fig. 23), as
calculated from the pressure distribution, and the conclu-
sions deduced will be :iven in section II, 3.

b) Total-pressure Gistribution in the vortex trail.-
The loss of energy in the air stream after-passing the.

"Wk‘ ’
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rofile is-a criterion for the losses through ’r*ction
fseparation). It is therefore possible to determine the
frictional losses by determ*ning the total pressure in a
cross section of the vortex trail (refereance 13). The in-.
vestigation of the vortex trail was undertaken with the
models used for determining the circulation distridbution,
since the vanes in the closed tunnel were too small for
this purpose.

: The-measnting~p1ane. Voth for the individual vane and
for the grid as a whole, was 15 mm behind the trailing
edges., The results are plotted nondimensionally in figure
24. The total energy “loss from surface frictioa and sepa-.
ration is represented by the area between the line corre-
~sponding to the total pressure before the vane

(-232& = 1), and the curve for the total pressure behind
Iow . . _ ‘ _
the vane.

Tha total pressure behind the individual vane was
measured at 5° 30! angle of attack, the same angle at
which the pressure-distribution measurements were made,

'so that the circuvlation about the isolated vaune correspond-
ing to ¢y 4 L00 in the ratio 6.50/8.88 was smaller

than the circugaiion about the assembled vane, It is rec-

ogniged that, despite the smaller circulatioa, the loss of

énergy from profile resistance is greater for the isolated

vane than for the assembdled vane. Hence even here we find

our original assuvmption coufirmed that the vane in the grid
.can withstand a relatively heavv load without rroduclug un-
favorable resista.ace coaditions.

The loss through friction and separation on the vanes,
as determined by planimetry of the loss areas, is only a-
bout 5 percent of the momentum, while the pressure loss
measured in the closed tunnel is 13 to 14 perceat. .The
principal losses do not ti:erefore depend con ihe lift—drag
ratio of the vane profile, so that no apareclatle rednction
of the losses can be expscted from a furtherimprov*ment of
the profile,

3. Exverimental Investigeulon of the Profile of Second Ap-
proximation

The experimental invwstigation'of:this prbfile (fig.
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25) corresponded ‘exactly to that of the profile of ‘first -
approximation. The tihsoretical investigation yieldeu an -’
angle of attack of 56° for the profile of second approéxi-
mation with consideration of the travel of the circulation
c.g. produced by the high ¢ in conjunction with the
sharp curvature and confirmed in the first approximetion.
The most favorable distribution of static rressure and ve-
iocity throuzhout the cross section behinc the vanes, with
simultaneous minimum pressure loss, was obtained at an an=-
gle of attack of 559 (fig. 26). The coefficient of resist-
ance is 0.138, i.,e., somewhat larger than for the profile
~of first approximation (0.134)., The course of the pressure-
distrivution curve, which is less uniform on the suction
side of the profile of second approximation (fig. 27) than
for the fivst arrroximation, .likewise indicates a certain
superiority of the profile of first approximation. 1In like
manner the result of the total-pressure measurement in the
vortex trail shows e somewhat greater resistance (fig. 24).

4, Exnerxments with Other Deflection Angles’ ‘and’ Groups of
Deflection Angles*

‘ a)Zxperiments with other deflection angles**.- In ad-
dition to deflection angles of 90 degrees, tests were also
made at angles of 50, 45, and 30 degress (figs. 28-30), the
profiles being made according to the first approximation.
For the deflection of 60 degrees, the calculation was made
witha c1»= 1.35, while, for deflections of 45 and 30 degrees
the proiilcs were based on ¢4 = 1.00, since otherwise the
vanes would not have been close enough.

" The velocity and pressure distributions are represented
in figur:s Z1-33, Tor losses and angles of attack, see
table ia section IV. It is noteworthy that, at 30 and 40
degrees deflection, ro cuange from the trneoretical angle of

*The experiments of this section were performed by Dr.
Flachsbart, to whom I am greatly indebted for . the use of
the cxperimental resuvlts. , ‘
**The experimeants in this section were tried at the sugges-
tion and under the direction of Dr. Flacusbart, to whom: I
an greatly indebted for the privilege of usiang ths results,
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attack is required. This means that, at the larger- angles
of attack, the marked discrepancies are attributable, at
least in part, to the high c¢,. On the other hand, the
curvature of the streamlines is here consideradbly less, so
that a shifting of the profile along the streamlines does
not affect the angle of attack so much.

b) Experiments with _&ro ;Rs of deflection angles.~ The
state of flow is known to be affected for a long distance
by &2 normal bend or elbow in the adjo1nin,.conduit. If,
€.g., & second bend is introduced into the: conducting sys-
tem before the distmptance has died out, this second beand
will have a  different coefficient of loss £rom the first,
which has arn uadisturbed inflor*

The better the deflec‘ion in our sease is. i.e., the
less the nature of the flow is changed, just so much less
the mutual influence will be., In the ideal case the coef-
.ficients of louss, even at short distances between the in-
dividual angles, must simply be added. :

The following group arrangements
2 x 90° 2 X 450 -3 x 36°

were invest$gatad with the profile arrangement catcu;ated
according to the first approximation (flbs. 34-335). The
loss coefficients (see table), in all three arrangewents,
are smaller than the sum of the loss coefiicients of the
corresponding iadividval angles., This result is acciden-
tal, as-shown by subsequent conirol tesis at the individ-
uval angles of a group. The, above-found energy losses for
individaal angles are not absolute minima, bdut can be re-
duced in vertair cases by particularly careful finishing
of the guide vanes in the workshop. In the groups there:
were .sonc sagles which cauvsed somewhat less encergy loss
than the previously tested individual angles.

5., Ninety=Degree Deflection in Tunnel
with Circular Cross Sectvion

‘The difference in the behavior of deilectioas of dif-
ferent cross~sectional shapes depends on the different de-

*In this connection, numerous tests have already been made
by Weisbach (reference 14).
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velopment of the secondary. qurrents (reference '15). The
latter consist essentially of double vortices produced by
the friction, -with their axXes :in the direction of flow,
Their unfavorable effect on ‘the pressure loss in bends is
due to the fact that .they converge the boundary-layer ma-
‘terial, especially that retarded by frictiom, on the inner
wall of the bend, where there is already a tendency toward
‘separation, thus. greatly promoting separation and the for-
mation of vortices.

If it is now possible, chrough suitable devices(guide
vanes or the like) to restrict the separation on the inner
wall, as likewise the formation of the secondary flow, to
the rear part of the bend, the effect of the cros°-sectional
shape on the resistance will: disappear.

The profile of first approximation was selected for
the installation in the bend of the tunanel of circular
cross section, because it showed the least registance of
any of the profiles tested. The test fully confirmed the
above considerations (fig., 37) and yielded exactly the same
result as for the installation in the square tunnel, namely
the angle of attack of 56° 30', aad almost the same loss
coefficient (0.135 instead of 0.134), The cross-sectional
shape does not affect the behavior of the deflection with
favorable profiles.

"6, Taking Flow Pictures

The arrangement shown in figure 38 served for obtain-
ing photograpas of the .flow through the grid. A channel
of 200 mm width was set in a water tank about 200 mm deep.
The guide vanes were those of first approximation, the an-
gle of attack being 560 30', The secound bend in the chan-
nel (on the right-hand side of the picture) did not serve
for observations, but was necessary for conducting the wa-
ter smoothly through the channel,

The direction of the flow was rendered visible by
means of fine aluminum powder sprinkled on the surface of
the water, waich had to be colored red to prevent reflec-
tion of light from the bottom of the chanael,’ "'Figure 39 ~
18 a pictureé with the complete row of guide vanes, while
in figure 40 one of %th¢ vanes in the middle had been re-
moved, in order to crcate conditions similar to those on

| RGP A B .
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which the calculation was based. Pictures thus obtained
cannot be expected to furanish a perfectly accurate basis
for checking the calculation., The omission of one vane
changes the circulation about the neighboring vanes, though
the theory requires all vortices to be of equal strength.
The neighboring vanes should therefore have been shifted

- 8o as to restore the original circulation. The: ‘developing
of marked vortex formations on the backs of the neighbor-
ing inner vanes, however,'made this impossible from the
Outset.

During the experiment it was -observed that with the
great density of the powder required for the large area -
to be photographed and by the corresponding distance from
the camera, the scattered particles, despite all precau=
tionary measures such as paraffining the walls and the
vanes, showed so great a tendency to accumwnlate on one side
or the other of the channel that sometimes the streamlines
on the surface differed noticeably from thec deeper flow as
recognized by direct observation of the added coloring mat-
ter. " Therefore the piétures give only a relatively rough
idea of the actual conditions, but are nevertheless very
instructive, Thce narrowaess of the wake and of the vortex

- trail benind the vanes is particularly noticeable.

IV. SUMMARY AND CONCLUSIONS

The results of the investigation may be summed up as

- follows. By taking as the tasis profiles with high cj,
such as have proved practically favorable, it was not pos-
gible to find a satisfactory form of grid simply on the as-
sumption that the flow is potential. The requirements
called for the most uniform possible velocity distribution

“behind the bend and the smallest possible losses. In order
to meet them, it was necessary to take friction and its ef-
fects into account, The pressure increments ia the flow,
modified with respect to the conditions for a simple air-
plane wing, change the separation phenomena with the chosen

.high c,, so that the center of pressure travels. rearward.
By taking this into account, a satisfactory agreement is
obtained between the theoretical consideration and the ex-
perimental results, It mey be assumed, with the choice of
a more suitabdls exit profile, which {(with the center of
pressure farther rearwvard at the cat,et) yields a more fa-
vorable pressure distribution on the forward part of the
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grid, that better agreement will be obtained between po-
tential theory and reality. At low c, (30 and 45 de-
grees deflection) we obtain, according to the potential
theory, results which require no farther correction,

. The state of the jet leaving the grid differs so
little from that before the bend that several deflections
may occur closely behind one another, without their be--
havior being materially influenced.

As a further result of the fact that the nature of the
jet is not changed in passing through the grid (i.e., that
no appreciable separation from the inner wall of the bend
nor formation of secondary vortices occurs), it was found
that the cross-sectional shape of the channel (excepting
extreme forms) has no perceptible effect on its behavior,

‘ The table coatains a summary of the vane forms tested
From it the calculated and the experimental angles of at-
tack and the loss coefficients can be taken., Furthermore
the ‘loss coefficients, which were obtained without the in-
stallation of wvanes, are included.

In figures 14, 25, 28, 29, and 30 the forms of angles
tested are represented with the installations in their fi-
nal position., Figure 41 shows the profiles of first ap-
proximation with their principal dimensions, based on the
distance betweea the vanes, for the various angles of at-
tack. :

What improvements with respect to the energy loss are
to be effected by the installation of guide vanes, are
shown by the graphical comparison of the loss coefficients
from the most important energy measurements in bends and
elbows with the loss coefficients found for various deflec-
tion angles after the installation of suitabtly shaped guid:
vanes (figz. 42). 1In addition to the recent measurement by
Zircabach (ref, 16), the previous measurement by Weisbach
(ref. 17) is included, since the Weisbach values are still
commonly used in practice. The resistance coefficients

. for elbows with square cross section were obtained from the
sane models, which served for the investigation of the de-
flection.angles with vane srids. They were included for
“the geke of completeness, although, due to the short out-
let, they could make no claim to general apprlicability.

For bends in cylindrical tubes, we have plotted a
series of measuremocnts by Hofmann (reference 18), which

yI--—ﬂI-l---u\_
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includes bends of various bending ratios R/d and various
degrees of roughness but only one deflection angle (90 de-
grées), and also a series of measurements by Bouchayer
(reference 19) with only one ovending ratio, dut various
deflection angles. Bouchayer's experiments were made with
power-plant pives, which were quite rough but probabdbly
corresponded well with normal conditions,

If it is desired to Neep the enerzy loss as small as
possible, guide vanes cnun be advantageously installed in
‘elbows down.to, about. 30 degrees deflection angle, when the
elbow cannot be replaced by a bend of adequate radius., If
a velocity distribution of zreatest possible uriformity
behind the deflection is desired, the iastallation of a
vane grid may be justified for even smaller deflection an-
gles.

A uniform velocity distribution in ths inflow is as-
sumed for small snergy loss in deflections with the aid
- of guide vanes in every case according to direction and
- magnitude, :

Translation by Dwight M. Miner,
National Advisory Committee
- for Aeronautics,
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N.A.C.A. Technical Memorandun No.?22 | Figs. 1,2a,2b,7,4
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Figure 1.-Bend with partitions.

Pigures 2a,2b.-Deflection by
guide vanes. »
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Figure 4.-Teleocity

W w',% components
— ({ [ neny votices.
S e p—




N.A.C.A. Technical Memorandum No.722 Figs. 5,6,7
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Figure 6.-Nirety-dogree de-
flection with
gulde vanes.

Figuore 5.-Field of flow or vortex
: series(one vortex omitted).
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Figure 7.-Birnbaum's profile with variable curvatire.




N.A.C.A. Technical Nemorandun No.722 Figs. 8,9,10
1. Theoretical center of pressure of vasic profile,O.
2.Point in _ ' ]
field of [FewrRrHTETEILE] bl s Gl e
vestc T B U e
profile FrtpiFrirriEriEs e TR S T el
correeponding to position of vortex c.g. on guide vane, Z.
. \\.

Fin}
L
B

3.Location of vortex
omitted in plotting Sen! ; . 2.Vortex c.g. of
field of flow,0,2' XK XS £ >, grid profile,Z.

Figure 8.-Basic profile and construction of profile of fitst approx-
imation.
ar !
(A WAy =T
G AUAR AR P
AR Ty,
N A !

:'\ .
A8k~ | Direction

p ' of grid.
dw 47 ydu
dv

Figure 9.-Distribution of circulation over chord of guide vane.

1.Point in field of basic profile corresvonding to nosition
of vortex c.
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~_ l.Location of vortex omitted in
ﬁj\?\\\first plottins of field of

_10,-Construction of profile of second approximation.
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Fig. 11
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N.A.C.A, Technical Memorandum No,722 ' Figs. 12,13,14
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Figure 12.-Velocity dictribution before deflection,
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Figure 13.-Device for moasuring static  Tirare 14.-99° deflection,
' pressure close tehind grid. nrofile of
first approximation.
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N.A.C.A. Technical Memorandum No.722 Figs. 15,16,17
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Fivure 15, 909 deflection nrofiles of first apnroximation.Velocity and
- pregsgure d.:.stri‘outmz.l :
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N.A.C.A. Technical Memorandum No. 723 Figs. 18,21,38,39,40

Apparatus for measure-
ing pressure distribu-
tion on basic profile (nearer disk

removed).

Figure 18.-

Figure 21.— Apparatut for measure- Figﬁré 38.—- Apparatus for taking
ing pressure distribu- flow plotures.
tion on gird profile.

oy

. Lo ‘ | o . a0 . P ) i * __&-
Figure 39.- Flow through gird. Figure 40.— Flow through gird;

Profiles of first one vane removed.
approximation. .
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N.A.C.A, Technical Memorandum No,722 Figs, 19,20
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N.A.C.A. Technical Nemorandws No.722 - Figs. 22,27
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Pgures 27a,23b-Circulation distribution of profiles.
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Figare 205, 20° deflection.
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N.A.C.A._Technical Memorandun No.722  Figs. 27,28,22,20
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of first approximation. files of first
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N.A.C.A. Technical Memorandun No.722 o Fige. 33,34
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Figure 32. 20° deflection. Profilas of first approsimation. Velocity
and pressure distritution, o
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Figs. 35,726,327

1.6 | o= 32015 | !
boee ae. . _,l e vd o e
w l T { Fégure 5, 2 x 450
1.8 =%~ i ' - deflec-
Moy tiantd NN b B _ | tion.?rofiles of
- Pttt YTy ..ru-..‘_}\.,;/ii firss approme
v o.al- i | cdicio.]  imation.Velocity
¥ =202~ & T and prossure
: =200 S 1
- f_.LJ\M“,;. . distrilvtion,
" o] _,-Tb=00" ~ X
0.4 " .08 :
Pst\' —>q ‘ n
e — ——.04 Sk
D-&—T“LTTY\\'\ W WS €2
a 2 4 a .6 9 1.9
. b
ASp-mr—r = —r—
) ...1;.. L o = 38° L ] ‘ ‘
i v Fizure 76, 3 % 60°
e N SN S .0 ; 4 deflec-
HRIESt e DA N S . tion.Profiles of
B I R P ot e IR SN -
r"’.\; o ER AT s =y "3\:_3 Sirst aporox-. .
ot ha‘ i Pl l ' b 3_;__\.; Limasiou.Velocity
‘ ;'; 9.3 T P N 1 1 uard prersure
R b=200%- -4 § distrivution,
o s ~+'.?‘""""‘
T SN . .
. O.{j,q. — pst a‘ "’"2 ?GO Q SeC'aq 1
| T3 l3~-«‘200l 3 i X L.
e g i LT TR
e U LI I e B
{J .4‘ ‘8_ .6 N : .8 ltn
b ' ‘
1.6 - 71— T T
1 @ = 560301 b |
| ; Figare ™7, 920
' " deflec-
2w < < :
1.2 7w i tion.Frefiles of
et St 20 gmout- 1 Tipat nupron-
- 1 ! jt"(\ - imasion.Circular
7 0.8 o 1 "‘l cross section.
" - P —_— .} Velocit; and
] ! oresmure distri-
0.4 [~~t—- Dot . .23 tution.
- r—-.r!""’. .‘ J Ot st
< M —" S, .l"‘
.-er-'?-"e'?‘:"' ‘!L,.O:.\;).-(y-?..g ff--o -?--!. TO—?— a W"
‘) . 02 c“'& .8 ltc’ .

a . 6
b :




¥.A.C.A. Technical Memorandwm No.722 . . Figs. 41,42
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